We propose a technique for the generation of broadband optical single sideband modulated signals. The technique is based on optically processing an optical double sideband signal using stimulated Brillouin scattering effect. An unwanted sideband suppression over 40 dB in a broadband range from 50 MHz to 20 GHz is experimentally demonstrated. In addition, we apply the generated optical single sideband signal for the spectral characterization of polarization dependent parameters of optical components. The experimental characterization of the polarization dependent loss and the differential group delay of a phase-shifted fiber Bragg grating is performed in order to demonstrate the feasibility of the technique.
Introduction
Currently, a growing number of applications require high-resolution measurement techniques for the spectral characterization of optical components in terms of amplitude and phase-shift responses. Traditionally, two methods have been used for this purpose: the modulation phaseshift method [1] and the interferometric method [2] . The use of optical single sideband (OSSB) modulation has been recently proposed for the spectral characterization of optical components because of the potential that this optical modulation format offers for extremely high wavelength resolution measurements [3] [4] [5] [6] [7] . Furthermore, full polarization-resolved measurements of parameters such as polarization dependent loss (PDL) and polarization mode dispersion (PMD) are necessary for the characterization of real-world optical components. A number of techniques have been proposed for the measurement of those parameters [8] [9] [10] [11] [12] [13] , but none of them yields the spectral resolution that could be achieved with OSSB characterization.
In order to overcome the previous limitation, we have introduced a new OSSB modulation-based characterization technique for the measurement of polarization dependent parameters that allows for very high spectral resolution [14] . However, it has also been found that very high levels of suppression of the unwanted sideband are required in order to achieve sufficient optical phase-shift and amplitude measurement accuracy [4] . In the last years, a number of techniques have been developed for the generation of OSSB signals [15] [16] [17] [18] [19] [20] [21] .
However, there is a need to enhance the quality of the OSSB signals provided by the existing modulation methods, particularly when broadband modulation is required.
The process of stimulated Brillouin scattering (SBS) can be described as the interaction between two counterpropagating optical waves: a pump wave which controls the gain of a Stokes wave, and a Stokes wave which controls the attenuation of the pump wave [22] . Furthermore, this interaction takes place in a very narrow-bandwidth spectral resonance, with a linewidth of the order of a few tens of MHz, and whose frequency location is controlled by the frequencies of the Stokes and the pump waves. In view of these characteristics, stimulated Brillouin scattering can be a powerful tool to process optical signals, by modifying their magnitude and phase-shift in selected zones of the optical spectrum.
SBS based selected sideband amplification of a modulated optical signal was proposed several years ago for radio over fiber applications [23] . The idea is to process a conventional optical double sideband (ODSB) modulated signal in order to amplify one of the sidebands while the optical carrier and the second sideband remain unaltered. A variation of the previous technique is based on the simultaneous use of Brillouin gain and attenuation processing, so that a sideband of the original ODSB modulated signal is amplified, while the second is attenuated [24] . However, this is a narrowband technique which is limited to modulation frequencies near the Brillouin frequency shift. Therefore, the only way of making a sweep of the modulation frequency of the OSSB signal is by tuning the Brillouin frequency shift of the fiber. This can be done by controlling the temperature or applying strain to the fiber, but in any case the tuning range will be small. Another possibility is to use Brillouin spectrum broadening techniques that allow Brillouin bandwidths of the order of GHz [25, 26] , but the overall power requirements of the system in order to achieve a significant unwanted sideband suppression ratio will be very high and extra noise will be added to the processing.
Recently, we have introduced a promising novel technique to generate OSSB modulated signals that is also based on processing an ODSB modulated signal using Stimulated Brillouin scattering [27] . In this work, we further develop the technique achieving high quality OSSB modulation with an unwanted sideband suppression over 40 dB in a broadband range from 50 MHz to 20 GHz. This overcomes the limitations of the previously reported schemes enabling a broadband sweep of the modulation frequency and a higher unwanted sideband suppression ratio. In addition, the operation of the modulation technique is theoretically and experimentally investigated to identify the main factors that may constrain its performance. Finally, we demonstrate the feasibility of this modulation scheme to be deployed for the spectral characterization of optical components, including their polarization dependent parameters. Figure 1 schematically depicts the principle behind the technique which is based on a double stimulated Brillouin scattering interaction. The idea is to counterpropagate a double-sideband modulated optical carrier at an RF frequency RF f ( Fig. 1(a) ) with a pump and a Stokes waves in a length of fiber in order to excite SBS effect. The frequency detuning between these signals is set so that the pump wave generates Brillouin gain on one of the sidebands of the ODSB signal while the Stokes wave generates Brillouin loss over the other sideband. Therefore, an OSSB modulated signal is generated as depicted in Fig. 1(b) . The gain and attenuation Brillouin processing spectra are also shown in Fig. 1 .
Fundamentals
Stimulated Brillouin scattering can be described using three coupled differential equations that describe the interaction between the complex amplitudes of the optic fields of the pump and Stokes waves and an acoustic field [28] . Under steady-state conditions, applicable for a continuous wave (CW) or quasi-CW pump and Stokes waves, SBS is governed by two coupled differential equations that describe the intensities of the Stokes and pump waves [22] . In the OSSB modulation scheme described in Fig. 1 , we have two simultaneous and independent interactions: one of the sidebands of the ODSB modulated signal interacts with a Stokes wave, acting as a pump wave and suffering attenuation, while the second sideband acts like a Stokes wave interacting with the pump wave, and consequently being amplified.
If OSSB is generated amplifying the upper sideband of the ODSB modulated signal ( Fig. 1  (b) ), the intensities of that sideband USB I and of the pump wave P I will be given by:
where α is the attenuation coefficient of the fiber and
is the Brillouin gain coefficient that has a Lorentzian dependence given by:
where B g is the Brillouin line center gain factor and B ν ∆ is the Brillouin linewidth. In Eq.
(1),
is the detuning of the optical frequency of the sideband we want to amplify USB ν , from the central frequency of the Brillouin gain spectrum, given by the optical frequency detuning between the pump optical frequency P ν and the Brillouin frequency shift p B ν at the pump wavelength. The maximum Brillouin interaction (and therefore, the maximum amplification of the sideband) will take place when 0 = ∆ USB ν , so that: f the frequency detuning between the carrier and the pump wave) and
in Eq. (3), yields:
In a similar way, the intensities of the lower sideband LSB I and the Stokes wave S I are related by the following coupled differential equations:
where
is the deviation of the optical frequency of the sideband we want to attenuate USB ν from the central frequency of the Brillouin attenuation spectrum, given by the optical frequency detuning between the Stokes wavelength S ν and the Brillouin frequency shift
S B
ν at the wavelength of the lower sideband LSB ν (pump wave, in this interaction). Therefore, the maximum Brillouin interaction (maximum attenuation of the lower sideband) will take place when:
with S e f the frequency detuning between the optical carrier of the ODSB modulated signal and the Stokes wave. In all the derivations it is assumed that the ODSB signal is injected in the fiber in 0 = z and travels in the z + direction, while the pump and Stokes waves are injected in L z = and travel in z − direction. From the previous expressions it is clear that in order to maximize the unwanted sideband suppression of the OSSB signal, the frequency detuning between the pump and Stokes waves and the sidebands of the ODSB modulated signal must coincide with the Brillouin frequency shift of the fiber B ν at the wavelength of operation. Usually we can assume that the Brillouin frequency shift will be the same for both interactions, provided that the dependency of this parameter is relatively small with wavelength [22] . Therefore, and given that the frequency separation between the optical carrier of the ODSB modulated signal and its two main sidebands is equal, substituting
in Eq. (4) and Eq. (6) it can be shown that the frequency separation between the Stokes wave and the optical carrier must be the same as the frequency detuning between the optical carrier and the pump wave: Therefore, in order to adjust the optical frequencies of the different optical components involved in the technique, two cases can be studied: lower sideband amplification and upper sideband amplification. Optimum setting for the frequency separation between the optical carrier of the ODSB modulated signal and the pump and Stokes waves as a function of the RF modulation frequency and the Brillouin frequency shift, in order to generate an OSSB modulated signal.
A key feature of this OSSB modulation scheme is that it allows a tuning of the RF modulation frequency, so that it is possible to perform a sweep of the optical frequency of the sideband. Furthermore, due to the low bandwidth of Brillouin interaction, the technique can operate from extremely low frequencies. On the other side, the upper limit for the modulation frequency is only limited by the bandwidth of the ODSB modulator and by the way the Stokes and pump waves are generated. Figure 3 shows simulation results for the amplification and attenuation of the sidebands of the ODSB modulated signal as a function of pump and Stokes power. It can be seen that both the amplification and attenuation increase as the pump and Stokes waves power are higher, what will lead to increasing unwanted sideband suppression ratios as the pump and Stokes power is raised. Figure 4 shows the unwanted sideband suppression ratio as a function of pump and Stokes power and of the ODSB signal's sideband power. In Fig. 4 only SBS interaction has been taking into account when calculating the unwanted sideband suppression ratio that would be achieved. It is important to notice that other nonlinear effects could limit the performance of the system for very high pump and Stokes powers. For example, Rayleigh scattering could lead to interferences between the OSSB signal and the backscattered pump and Stokes waves for some given RF modulation frequencies. However, from these simulations, very high unwanted sideband suppression ratios can be expected for relatively small pump and Stokes waves powers, what should limit the undesired effect of other nonlinear effects.
Simulations
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However, for very high modulation frequencies, the dependency of B ν with wavelength should be taken into account. In that case, the unwanted sideband suppression ratio will not be maximized in the full span of the modulation sweep due to the fact that the approximation (and therefore, Eq. (7)) will not be fulfilled as the modulation frequency increases. The frequency dependence of the Brillouin frequency shift is given by [22] :
where n is the refraction index of the fiber, c is the speed of light, p ν is the optical frequency of the pump wave and A ν is the frequency of the acoustic wave which can be regarded as constant for a given optic fiber [29] . Figure 5 shows the unwanted sideband suppression ratio as a function of the modulation frequency RF f for the case where the lower sideband is amplified (Fig. 2 ) and for the case where the upper sideband is amplified (Fig. 1) . In both cases e f was calculated from Table 1 taking B ν as the Brillouin frequency shift of the fiber at the optical frequency of the modulation carrier o ν . The figure shows that for a 40 GHz modulation frequency sweep the variation of the unwanted sideband suppression ratio is smaller than 0.5 dB (lower sideband amplification) and 0.8 dB (upper sideband amplification). As expected from Table 1 , the variation is larger in the latter case, due to the fact that the frequency detuning of the two pump waves involved in the processing is higher when the upper sideband is amplified. However, in both cases the variation can be regarded as negligible comparing to the magnitude of the achieved unwanted sideband suppression ratio. Figure 7 shows the optical spectrum of the OSSB modulated signal generated with the proposed technique for a frequency modulation of 10.5 GHz (solid line) and the original ODSB modulated signal (dashed blue line), measured in a 10-pm resolution optical spectrum analyzer (OSA). An unwanted sideband suppression ratio above 50 dB can be observed. Figure 8 depicts the unwanted sideband suppression ratio as a function of the modulation frequency RF f . The measurement from 6.5 GHz to 20 GHz was performed using a 10-pm resolution OSA and measurements for frequencies below 6.5 GHz were made by heterodyne analysis [34] using an electrical spectrum analyzer. More than 40 dB of suppression was achieved in the range from 50 MHz to 20 GHz. The higher frequency of operation was limited to 20 GHz by the RF modulation bandwidth of the available MZ-EOM and the frequency range of the EVNA, but in principle the technique should be feasible at arbitrarily high frequencies. Variations in the achieved unwanted sideband suppression ratio are attributed to variations on the power of the counterpropagated signals as a function of the modulation frequency due to the frequency response of the modulators. On top of that, for modulation frequencies above 10 GHz the noise floor level of the OSA was above the power of the attenuated sideband, so that the latter could not be measured accurately. Therefore, for those modulation frequencies the real unwanted sideband suppression ratio will be even higher than shown in Fig. 8 .
Application to the characterization of optical components
The use of OSSB signals for spectral characterization applications has been under development for several years [3] [4] [5] [6] [7] 14] . This technique is based on the correspondence or mapping that this modulation format provides between the optical and the electrical domain. A possible implementation of this method is depicted in Fig. 9 [4] . The optical field at the output of the OSSB modulator can be expressed as:
where o ν is the frequency of the optical carrier and . The frequency step in the EVNA was set to 10 MHz. However, the nominal resolution of the measurement can be arbitrarily reduced by reducing this step. The ultimate resolution limit is given by the linewidth of the deployed optical source and by its wavelength stability, which in our setup were lower than 100 kHz and 1 pm/24 hours, respectively. In order to cover the total span of the measurement (over 43 GHz) three partially overlapped sweeps were performed tuning the laser source at different optical frequencies. For the amplitude we also show the 10-pm resolution transfer function measured combining a white source and an OSA (symbols). The small deviation between both measurements is attributed to the polarization dependence of the PS-FBG. Note that the measurement in the OSA can be regarded as polarization-averaged due to the unpolarized light emitted by the deployed white source. However, the measurement performed with the OSSB technique is affected by the polarization-dependence of the characterized component [14] . This particular PS-FBG is found to be a polarization-sensitive component, especially in the optical frequency range where the phase-shift is located, corresponding to the steep notch in its amplitude response.
In order to measure that polarization dependence, the OSSB modulation scheme was used in combination with a novel technique based on OSSB modulation for the measurement of polarization dependent parameters that we have reported recently [14] . This technique is based on sequentially generating two OSSB modulation sweeps with orthogonal linear states of polarization and, for each one, analyzing two orthogonal polarizations at the output of the device under test using a polarization beam splitter. Figure 11 shows the characterization of the polarization dependent loss and the differential group delay (DGD) of the PS-FBG. A 17-GHz optical frequency sweep was performed, centered at the notch of the PS-FBG, with 20-MHz resolution. Measurements using the OSSB method (red solid line) are compared to those using the modulation phase-shift method (black symbols) with 2-pm resolution and 125-MHz frequency modulation [11, 12] . Both measurements show good agreement. The small deviations are attributed to the lower resolution of the modulation phase-shift method and also to the residual PDL and PMD of the available components in the experimental setup. In the measurement setup, reflections in connectors and Rayleigh scattering of the ODSB-SC signal in the fiber could lead to coherent interference in the receiver. It was found that these reflections affected the measurement for some given frequencies. Specifically, for the case where OSSB is generated by amplification of the lower frequency sideband, interferences can be produced for three particular frequencies: when the reflections are located exactly at the same frequency as the sidebands of the OSSB signal: e f f ν = ⇒ =
On the other hand, if the OSSB modulated signal is generated by amplification of the upper frequency sideband, there is a single modulation frequency that can lead to interference in the detector. This takes place when the amplified sideband is beaten with the pump wave generating an RF component at the modulation frequency RF f :
RF B P USB f ν ν ν = = − (15) Finally, another possible source of interference in the measurement are the optical components generated by amplification of the ASE noise by SBS interaction with the Stokes wave, that can lead to electrical interference when these optical components are detuned from the rest of the optical components by the modulation frequency RF f . To avoid all this possible interferences, a second EDFA was used in the lower branch of the OSSB modulation scheme in order to increase the power of the ODSB signal, so that the interference was reduced. In addition, the particular optical frequencies where interference could be a problem were avoided. Nevertheless, this drawback could be overcome using a highly nonlinear fiber which could provide the same amount of Brillouin scattering effect with less reflections or by further raising the power in the lower branch [33] .
Conclusions
A novel SBS based swept OSSB modulation generation technique has been proposed and theoretically studied. Simulation results are very promising, showing that very high unwanted sideband suppression ratios can be achieved with relatively low optical powers.
Experiments have been performed, demonstrating what to our knowledge is the best broadband unwanted sideband suppression ratio reported to date (>40 dB for a frequency range of 20 GHz). In addition, the feasibility of the technique for high accuracy and frequency resolution characterization of optical components has been proved, including the polarization dependent parameters of the components.
In this paper we generate an OSSB signal by processing an ODSB modulated signal. However, the same processing could be applied to enhance the unwanted sideband suppression ratio of an OSSB signal generated my means of any other method [6, 7, [15] [16] [17] [18] [19] [20] [21] . This would increment the complexity of the system, but would reduce the amount of SBS interaction required to achieve a significant sideband suppression ratio. Therefore, the power requirements of the system would be reduced, which could lead to an improvement in the overall noise performance of the system.
